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Transcription, splicing and homing of an exon-less bacterial group II intron found from the transposon TnMERI1 




Group II introns are catalytic RNAs which can self-splice and considered as the progenitors of nuclear 
spliceosomal introns, whereas they have been found in prokaryotic genomes and in organellar genomes of plants, fungi 
and algae. Many group II introns encode an intron encoded protein (IEP) which assists group II intron RNA in splicing in 
vivo and gives the activity of retrogenetic elements to the intron RNA. It is known that more than half of bacterial group 
II introns are located outside genes, and that many bacterial introns are closely associated with typical mobile elements 
such as insertion sequences, transposons or conjugative plasmids. These observations suggest that the survival strategy of 
group II introns in prokaryotic genomes may be basically different from that of introns in eukaryotic organelles. 
However, there is very little information concerning the relationship between the bacterial group II introns and the typical 
mobile elements in which the introns are inserted. 
As the first report for bacterial group II introns of a family Bacillaceae, a bacterial group II intron was identified in 
a mercury resistant class II transposon, TnMERI1, which is flanked in the chromosome of Bacillus megaterium MB1. 
This bacterial group II intron was located between the transposition module and the mercury resistance module of 
TnMERI1, and was designated as B.me.I1. To understand inherent characteristics of B.me.I1 as a bacterial group II intron, 
the objectives of this study were as follows. (1) Investigation of the transcriptional facilities of B.me.I1 as an exon-less 
bacterial group II intron to understand the relationship between the bacterial group II introns and their carrier mobile 
elements. (2) Investigation of the splicing and homing capability of B.me.I1, and its requirement for the mobilization. 
 
Transcriptional facility of B.me.I1 in the original host strain, Bacillus megaterium MB1 
Since B.me.I1 is not associated with any obvious exon, the transcription and splicing of B.me.I1 in the original host 
strain was investigated. Total RNA of B. megaterium MB1 was used as a template for RT-PCR. By analyzing RT-PCR 
products, it is cleared that the exon-less B.me.I1 intron was transcribed in strain MB1 and that the intron RNA was 
efficient in splicing. These results suggested that the transposon TnMERI1 provides the region of B.me.I1 with a 
transcription facility. To confirm the transcription facility, primer-walking RT-PCR and optimized 5' RACE were 
performed. A clear end of the 5' RACE amplicon was identified upstream B.me.I1, and a putative promoter sequence was 
found. These results defined that the 
transcription start site of B.me.I1 is 
located 444 bases upstream the first base 
of B.me.I1, and that the promoter for 
B.me.I1 transcription is located within the 
antisense strand of the tnpR gene, an 
elemental gene for the transposition of 
TnMERI1. The results of quantitative 
real-time RT-PCR assay showed that 
B.me.I1 is transcribed constitutively in 
Bacillus subtilis 168. 
 
Splicing and homing of B.me.I1 in Escherichia coli 
Escherichia coli cloning technology was utilized to determine the splicing and homing capbility of B.me.I1 in vivo. 
The fragment of B.me.I1 was cloned into an expression vector downstream of an IPTG-inducible T7 promoter. The 
mRNA of B.me.I1 was highly transcribed by IPTG induction and applied to RT-PCR. The analytical results of the RT-
PCR products showed that B.me.I1 can 
perform the splicing efficiently in E. coli. 
A two plasmids genetic assay was 
developed to determine the homing event 
of B.me.I1. The B.me.I1 donor plasmid 
contains the fragment of B.me.I1. The 
B.me.I1 recipient plasmid, which can be 
compatible with the B.me.I1 donor 
plasmid, contains the fragment of cognate 
intron-less homing sequences. The assay 
was applied to the E. coli BL21 (DE3) 
expression system and succeeded in 
detecting the homing event by PCR and 
subsequent analysis of the PCR product. 
 
Influence of IEP on the splicing of B.me.I1 
Since previous studies indicated that IEP is the most protein factor of the splicing of group II introns in vivo, the 
necessity of IEP in the splicing of B.me.I1 was examined. The splicing products were analyzed by RT-PCR and showed 
that B.me.I1 can perform self-splicing in vivo in the absence of IEP. The range of conditions which support splicing of 
B.me.I1 RNA was further investigated by in vitro experiments. The self-splicing of B.me.I1 RNA was observed within 20 
min in the existence of 1 mM of MgCl2. It brings about the contrary to the previous research results that much higher 
concentration of Mg2+ (100 mM) was required to stabilize the catalytic RNA structure. The splicing activity was also 
observed in a concentration of NH4Cl 
ranged from 0.5-2 M and in a temperature 
ranged from 30-55 °C. These results 
showed that B.me.I1 can splice without 
IEP under relatively near physiological 
conditions. The finding suggests that 
B.me.I1 is a “real” self-splicing group II 
intron which can perform splicing without 




The conclusions derived from this study are as follows. (1) The exon-less bacterial group II intron, B.me.I1, is 
transcribed constitutively in host strain, B. megaterium MB1, and generates a functional group II intron RNA. (2) The 
transposable element of TnMERI1 provides facilities for transcription of B.me.I1. (3) The inherent capability of a group 
II intron, the splicing and homing, of B.me.I1 can be characterized in vivo. (4) Splicing of B.me.I1 is performed without 
the assistance of the IEP or other biological factors. 
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1.1. Background of this research 
 
Group II introns are catalytic RNAs which can self-splice in vitro with a mechanism 
analogous to nuclear pre-mRNA splicing and commonly considered as the progenitors of 
nuclear spliceosomal introns in eukaryotes, whereas they have been found in bacterial and 
archaeal genomes and in organellar genomes of plants, fungi and algae. The group II introns 
have a special RNA secondary structure comprised of six domains. Based on the RNA 
structures, group II introns are further categorized into subclasses, IIA, IIB and IIC. The 
group IIA introns have been the best studied and the known mechanism of self-splicing comes 
from the insights on them. In addition to the ribozyme activity of the intron RNA itself, many 
group II introns encode an intron encoded protein (IEP) within domain IV of the RNA 
structure which has reverse transcriptase activity and allows the introns to splice in vivo and 
to act as retrogenetic elements. 
 
The distribution of group II introns in bacterial genomes distinctly differs from that in 
organellar genomes of eukaryotes, because bacterial group II introns are often located outside 
genes instead of intervening in essential or housekeeping genes, suggesting a high rate of 
intron gain and loss. Bacterial group II introns are also distinguished from those of eukaryotic 
organelles, since bacterial introns are closely associated with typical mobile elements such as 
insertion sequences, transposons or conjugative plasmids. These observations suggest that the 
survival strategy of group II introns in prokaryotic genomes may be basically different from 
that of introns found from eukaryotic organelles. However, there is very little information 
concerning the relationship between the bacterial group II introns and the typical mobile 
elements in which the introns are inserted. 
 
As the first report for bacterial group II introns of a family Bacillaceae, a bacterial group II 
intron was identified in a mercury resistant class II transposon, TnMERI1, which is flanked in 
the chromosome of Bacillus megaterium MB1. The bacterium was isolated from a 
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mercury-polluted sediment of Minamata Bay, Japan. The bacterial group II intron was located 
between the transposition module and mercury resistance module of TnMERI1, and was 
designated as B.me.I1 and classified within a bacterial group IIB subclass by its structural 
feature. It is known that TnMERI1-like transposons encode typical broad spectrum mercury 
resistance modules that have been disseminated among diverse Bacilli and related species 
over wide geographical areas. 
 
1.2. Objectives of this research 
 
To understand inherent characteristics of B.me.I1 as a bacterial group II intron, the following 
are objected in this study. 
 
1. Investigation of the transcriptional facilities of B.me.I1 as an exon-less bacterial group II 
intron to understand the relationship between the bacterial group II intron and its carriers. 
 
2. Investigation of the splicing and homing phenomena of B.me.I1 as a group IIB intron, and 
its requirement for the mobilization. 
 
1.3. Constitution of this thesis 
 
This thesis consists of six chapters. 
 
Chapter 1, “Introduction”, presenting background, objectives and constitution of this thesis. 
 
Chapter 2, “Overview of the previous research”, presenting the overview of the research work 
which was done relating to this study. 
 
Chapter 3, “Transcriptional facility of B.me.I1 in the original host strain Bacillus megaterium 
MB1”, presenting the research results on the transcription and splicing of B.me.I1 in the host 




Chapter 4, “Splicing and homing of B.me.I1 in Escherichia coli”, presenting the research 
results on the splicing and homing of B.me.I1 in E. coli. 
 
Chapter 5, “Influence of the intron encoded protein on the splicing of B.me.I1”, presenting the 
investigation results on the necessity of IEP in B.me.I1 splicing in vivo and in vitro. 
 
Chapter 6, “Conclusion”, summarizing the findings in this study.
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2. Overview of the previous research 
 
2.1. Bacterial group II introns 
 
Group II introns are fascinating genetic elements that have characteristics of both catalytic 
RNAs and retrogenetic elements. They were initially identified in the organelle genomes of 
lower eukaryotes and plants, and were discovered first in bacteria in 1993 (Ferat and Michel, 
1993). Bacterial group II introns have been considered as the progenitors of nuclear 
spliceosomal introns because they splice by means of two transesterifications and a lariat 
intermediate which are similar to that of mRNA processing in eukaryotic nuclei except 
self-splicing which is done without any spliceosome. Besides the self-splicing, group II 
introns can move to homologous intron-less alleles via target DNA-primed reverse 
transcription catalyzed by a ribonucleoprotein (RNP) complex which is composed of excised 
intron RNA and IEP (Zimmerly et al., 1995a; Zimmerly et al., 1995b), and this process is 
called homing. 
 
All group II introns have a special RNA secondary structure, consisting of six double-helical 
domains, of which domains I, V and VI play crucial roles in splicing reactions (Michel and 
Ferat, 1995). Domain I contains sequences involved in aligning the sites for splicing, i.e. the 
exon binding sites (EBSs) that pair with the sequences of the intron binding sites (IBSs) of 
adjacent 5' exon and 3' exon. Other sequences in the domain I interact with the domain V, the 
most highly conserved domain of group II introns, to form the catalytic core of the RNA 
(Costa and Michel, 1999). Domain VI is a helix domain which is closed to the 3' intron-exon 
junction and contains the bulged adenosine, which is involved in lariat formation via a 
2'-5'-phosphodiester bond to the first nucleotide of the intron. Group II introns can be 
subdivided into IIA, IIB and IIC classes based on the RNA secondary structure (Michel et al., 
1989  and Toor et al., 2001). The class IIC intron has been recognized recently, and is 
represented by bacterial group II introns (Yeo et al., 1997). However, our understanding of 
group II introns comes mainly from the study of group IIA introns found in mitochondria and 
the famous study on the bacterial group II intron Ll.ltrB, a group IIA intron identified in 
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Lactococcus lactis. Therefore, the research of bacterial group IIB introns is helpful for giving 
a better understanding about bacterial group II introns. 
 
Group II introns can self-splice in vitro under high salinity, high magnesium concentration 
and unusual temperature conditions (e.g., 500 mM KCl, 100 mM MgCl2, 45 °C) (Jarrell et al., 
1988). It is also known that protein factors are required for the splicing of introns in vivo. The 
IEP which is encoded by sequences located in domain IV of the intron is considered the most 
important protein factor in the splicing. It is recognized that an IEP binds to intron RNA and 
induces RNA structural changes that stimulate self-splicing (Matsuura et al., 2001; Noah and 
Lambowitz, 2003) to yield ligated exons’ RNA and a RNP complex consisting of a lariat 
intron RNA with the IEP still attached. All mobile group II introns studied to date encode 
IEPs with a domain, domain RT, which has a reverse transcriptase activity and have an 
efficient homing capability into intron-less alleles (Saldanha et al., 1999). The IEP is a 
multiple functional protein that there usually are domain X, domain D and domain En after 
C-terminal of the domain RT. The domain X is a putative RNA-binding domain and associates 
with a maturase activity (Mohr et al., 1993). The domain D is a DNA binding domain, and the 
domain En is a domain which contributes a nuclease activity for the antisense strand cleavage 
during homing process (Zimmerly et al., 1995b; Guo et al., 1997) (Fig. 2-3B). However, a 
report of a mobile bacterial group II intron, RmInt1, which domain En of IEP was defective 
suggested that there should also be other mechanism in mobile bacterial group II introns 
(Martinez-abarca et al., 2000). 
 
Bacterial group II introns were found in prokaryotic microorganisms such as cyanobacterium 
(Calothrix) and proteobacterium (Azotobacter) that are progenitors of chloroplasts and 
mitochondria, respectively (Belfort and Perlman, 1995). More recently, the group II introns 
were found in both Gram-negative bacteria (Escherichia coli and Sinorhizobium meliloti) and 
Gram-positive bacteria (Lactococcus lactis, Clostridium difficile and Bacillus megaterium) 
(Ferat and Michel, 1993; Ferat et al., 1994; Knoop and Brennicke, 1994; Mills et al., 1996; 
Mullany et al., 1996; Shearman et al., 1996; Martinez-Abarca et al., 1998; Huang et al., 
1999b), and they have been discovered in increasing numbers along with the progress in 
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bacterial genome projects. However, the distribution of introns in bacterial genomes distinctly 
differs from their distribution in organellar genomes of eukaryotes. Bacterial group II introns 
are often located outside genes instead of intervening in specific genes, suggesting a high rate 
of intron gain and loss (Dai and Zimmerly, 2002). The majority of bacterial group II introns 
identified to date contain iep genes that encode IEPs and are active retrogenetic elements or 
those derivatives. These observations suggest that the survival strategy of group II introns in 
prokaryotic genomes is basically different from that of introns found from eukaryotic 
organelles (Dai and Zimmerly, 2002). As previously mentioned, bacterial group II introns are 
also distinguished from those of eukaryotic organelles, since bacterial introns are closely 
associated with typical mobile elements such as insertion sequences, transposons or 
conjugative plasmids. However, there is very little information concerning the relationship 
between the bacterial group II introns and the typical mobile elements in which the introns are 
inserted. 
 
2.2. Isolation of the group IIB intron, B.me.I1, and its structural characterization 
 
This section describes the object of this research. 
 
A bacterial group II intron was found from TnMERI1, a class II transposon in the chromosome 
of B. megaterium MB1, a Gram-positive bacterium isolated from a mercury-polluted sediment 
of Minamata Bay, Japan, and it was the first report for bacterial group II introns of a family 
Bacillaceae (Huang et al., 1999b). This bacterial intron was classified within a bacterial 
group IIB subclass because of its typical nucleotide sequences. 
 
TnMERI1-like transposons encode typical broad spectrum mercury resistance modules 
disseminated among diverse Bacilli and related species (Osborn et al., 1997; Bogdanova et al., 
1998; Narita et al., 2003; Narita et al., 2004). The genetic elements from the broad-spectrum 
mercury resistance system have been intensively studied (Huang et al, 1999a; Huang et al., 
2002) and their potential use in bioremediation of mercury-polluted environments has been 
demonstrated (Narita et al., 2002; Huang et al., 2003; Huang et al., 2006). Tn5084 from 
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Bacillus cereus RC607 and Tn5085 from Exiguobacterium sp. TC38-2b are transposons that 
have mercury resistance determinants identical to those carried by TnMERI1 (Narita et al., 
2004). Interestingly, these two 11.5 kb transposons, Tn5084 and Tn5085, have the same 
genetic structure of TnMERI1 except insertion of a group II intron (Fig. 2-4). 
 
Sequence analysis of TnMERI1 showed that a 2717 bp (accession number AB022308) 
bacterial group IIB intron with a 5' (GUGYG) and a 3' (AY) consensus splice site sequences 
was located at the space sequence between a resolvase gene (tnpR) of the transposon and an 
organomercury lyase gene (merB3) of a broad-spectrum mercury resistance module (Huang et 
al, 1999a; Huang et al., 1999b), and the bacterial group IIB intron was designated B.me.I1. 
 
The common features of group IIB introns, including tertiary pairings such as α-α ', γ-γ ', δ-δ ', 
ε-ε ', ζ-ζ ', EBS1-IBS1, EBS2-IBS2, EBS3-IBS3 and the bulging adenosine residue on the 3' 
side of a helix domain VI, were recognized in B.me.I1 (Huang et al., 1999b). A potential 
secondary structure of B.me.I1 has been proposed (Zimmerly: 
http://www.fp.ucalgary.ca/group2introns/B.me.i1.htm#secondary%20structure ). The 
conserved domains of the amino acid sequences for splicing and homing reactions of bacterial 
group II introns were found from the deduced IEP amino acid sequence (Huang et al. 1999b). 
A reverse-transcriptase domain, an intron maturase motif and a C-terminal zinc finger-like 
domain associating to a DNA endonuclease activity as previously reported by Mohr et al. 
(1993); Mills et al. (1996); Shearman et al. (1996); Matsuura et al. (1997) and Saldanha et al. 
(1999) also exist in the IEP amino acid sequence. 
 
Usually, each intron is embedded within a gene and transcribed along with the associated exon. 
However, at least half of bacterial group II introns reported to date appear to lack a 
protein-encoding exon like B.me.I1, and the reports of these introns are wanting. 
 
2.3. Mechanism of splicing and homing of group II introns 
 




Splicing mechanism of group II introns was investigated (Matsuura et al., 2001), and the 
schematic diagram of the mechanism is shown in Fig. 2-1. The splicing of group II intron 
RNAs (dark green parts with a red part which indicates an iep RNA) proceeds by a two-step 
transesterification mechanism to generate ligated exons (black parts) and a lariat intron. This 
process is free from a spliceosome and any energy supply system. However, it is considered 
that the splicing of group II introns in vivo is promoted by binding an intron RNA with an IEP 
(a yellow ellipse) which is transcribed and translated by an iep gene (a pink arrow) inside the 
sequences of the group II intron. 
 
The excised intron RNA is capable of inserting itself into cognate intron-less alleles, and this 
process is called homing. The schematic diagram of homing is shown in Fig. 2-2. The excised 
intron RNA (lariat, dark green parts with red parts) and IEP (a yellow ellipse) form an RNP 
complex after splicing process of an intron RNA. When RNP binds to the intron-less allele of 
DNA molecules (black parts), IEP recognizes the distal 5' exon sequences of the DNA target 
site in the intron-less allele and leads to DNA unwinding. The single strand DNA enables the 
intron RNA to pair with the target sequences for ligation into the intron insertion site. 
Through the interactions between the IEP and the 3' exon sequences, antisense strand is 
cleaved at downstream of RNA insertion site. The cleaved 3' antisense strand is used as a 
primer for reverse transcription of the inserted intron RNA (target DNA-primed reverse 
transcription). Finally, this cDNA is integrated by a RecA-independent repair mechanism, 












































Figure 2-2. Homing mechanism of group II introns
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2.4. Secondary structure of a group II intron and the domains of an IEP encoded by an 
iep gene 
 
This section describes the special RNA secondary structure of group II introns and the 
domains of a group II IEP as shown in Fig. 2-3. Fig. 2-3A shows that six double-helix 
domains are extending from a central loop. The locations of the EBS1 and EBS2 sequences 
(orange lines) in domain I and their base-pairing sequences, IBS1 and IBS2 (orange dotted 
line in the 5' exon), are also indicated. The sequences which encodes IEP is located at domain 
IV (red dotted line). Fig. 2-3B shows the domains (yellow boxes) that have different 
enzymatic activities of IEP. The domain RT conserved amino acid sequence of reverse 
transcriptase. The domain X associates with maturase activity. The domain D functions as a 
DNA-binding structure and the domain En associates with endonuclease activity (Zimmerly et 






















Figure 2-3. (A) Special RNA secondary structure of group II introns. The orange lines in 
domain I show the locations of the EBS1 and EBS2.The orange dotted lines in the 5' exon 
show the locations of the IBS1 and IBS2. The red dotted line in domain IV shows the IEP 
coding region. (B) Schematic representation of a group II IEP product. The yellow boxes, RT, 
X, D and En, show the domains which have reverse transcriptase, maturase, DNA binding and 
DNA endonuclease activity, respectively. 
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2.5. Constitutions of TnMERI1, the host transposon of B.me.I1, and of the relative 
transposon Tn5084 
 
This section describes the comparison information between TnMERI1, the host transposon of 
B.me.I1, and the relative transposon Tn5084 (Narita, et al., 2004). The schematic 
representation is shown in Fig. 2-4. The places from where these two bacteria were isolated 
are appended after names of the bacteria. Positions and transcriptional directions of the 
transposition modules (blue arrows including tnpA, tnpR and the defective tnpA') and the 
mercury resistance modules (oranges arrows including merB3, merR1, merE, merT, merP, 
merA, merR2, merB2 and merB1) are shown. The green bold line indicates the group II intron, 
B.me.I1, which is identified in TnMERI1 only. The red arrow indicates the iep gene of B.me.I1.
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3. Transcriptional facility of B.me.I1 in the original host strain Bacillus megaterium MB1 
 
3.1. Objectives of this chapter 
 
B.me.I1 is located in the space sequence between a resolvase gene (tnpR) and an 
organomercury lyase gene (merB3) of TnMERI1. However, there is no exon intervened by 
B.me.I1, like more than half of bacterial group II introns. In this chapter, the transcription and 
splicing of B.me.I1 in original host, B. megaterium MB1, were investigated to understand this 
exon-less intron. By cloning B.me.I1 into Bacillus subtilis 168, the transcription start site of 
B.me.I1 was identified, and the transcript of B.me.I1 was further investigated quantitatively to 
get information of the relationship between the exon-less bacterial group II introns and their 
carriers. 
 
3.2. Materials and methods 
 
3.2.1. Bacterial strains and growth conditions 
 
B. megaterium MB1 and B. cereus RC607 were used for splicing analysis, and the B. 
megaterium MB1 was also used for primer walking analysis. B. subtilis 168 was used in the 
experiment for optimized 5' rapid amplification of cDNA ends (5' RACE) and real time 
quantitative RT-PCR. E. coli JM109 (Promega, Madison, WI., USA) was used in DNA cloning 
experiments. The bacteria were grown in Luria-Bertani (LB) medium at 37 °C with agitation. 
The antibiotics, ampicillin and tetracycline, were added as required at the concentrations 50 
μg/ml and 35 μg/ml, respectively. 
 
3.2.2. Plasmid construction 
 
To determine the transcription start site of B.me.I1, a 4390 bp region from tnpR to merB3 of 
TnMERI1 was amplified by PCR from genomic DNA of B. megaterium strain MB1 with a 
primer pair, BglII-3051F and SalI-7440R. After the digestion by restriction enzymes, BglII 
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and SalI, the digested fragment was inserted into the cloning vector, pHY300PLK (TaKaRa 
Bio Inc. Shiga. Japan), and the resulted plasmid was designated as pHYRB3. Sequences of the 
primers used in the construction are listed in Table 3-1. 
 
3.2.3. RNA extraction 
 
RNA molecules were extracted from the bacterial cell growth at exponential growth phase. 
For splicing and primer-walking analyses, RNA purified by applying High Pure RNA Isolation 
Kit (Roche Applied Science, Indianapolis, IN., USA) was used. For 5' rapid amplification of 
cDNA ends and real time RT-PCR analyses, RNA purified by applying ISOGEN (NIPPON 
GENE CO., LTD., Tokyo, Japan) was used. RNA was purified by following the protocols 
provided by the manufacturers, and was further treated with DNase I (Takara Bio Inc.) before 
using in subsequent analyses. The integrity of the RNA samples was checked by agarose gel 
electrophoresis. 
 
3.2.4. RT-PCR for splicing and primer-walking analyses 
 
Purified RNA (50 ng each) was used for RT-PCR with Access RT-PCR System (Promega). The 
cycling conditions of RT-PCR were 45 min at 48 °C for reverse transcription, then 2 min at 
94 °C for denaturation, and 35 cycles of 94 °C for 30 sec, 54 °C for 45 sec and 72 °C for 1 
min, and a final extension of 5 min at 72 °C. To search the evidence of the splicing of B.me.I1, 
the RT-PCR products were analyzed by agarose gel electrophoreses, DNA sequencing and of 
restriction fragment length polymorphism (RFLP) on polyacrylamide gel electrophoreses. 
Sequences of the primers used in the RT-PCR amplification are listed in Table 3-1. 
 
3.2.5. Optimized 5' rapid amplification of cDNA ends (5' RACE) 
 
Optimized 5' RACE was performed according to Tillett et al. (2000), by adapting 5'-Full 
RACE Core Set (TaKaRa Bio Inc.). Total RNA (3 μg each) extracted from B. subtilus 168 
carrying pHYRB3 was used in the RT reactions with 200 pmol of the primer 3852R. The 
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primer was annealed to the total RNA by incubating with stepwise decreasing temperature 
(70 °C for 2 min, 65 °C for 1 min, 60 °C for 1 min, 50 °C for 1 min and 45 °C for 1 min) 
before adding 5 U of AMV Reverse Transcriptase XL of the 5'-Full RACE Core Set. The RT 
reaction was performed at 42 °C for 30 min, followed by 5 cycles of the sequential incubation 
at 50 °C for 1 min, at 53 °C for 1 min and at 56 °C for 1 min to prevent false RT termination. 
Then, RNA was removed by alkaline-hydrolysis cleavage with 1 μl of 0.5 M EDTA and 12.5 
μl of 0.2 M NaOH before incubation at 68 °C for 5 min. The produced strand of cDNA was 
neutralized by adding 12.5 μl of 1 M Tris-HCl (pH 7.5) and followed by isopropanol 
precipitation. Then, the T4 RNA ligase was used to anchor a 5'-phosphrylated, 3'-amino 
linker-modified anchor oligonucleotide DT88 to the cDNA product and the reaction mixture 
was incubated at 16 °C overnight. The anchor-ligated cDNA was amplified by hemi-nested, 
touchdown PCR (Tillett et al., 2000). The first ligation-anchored PCR was performed using 10 
pmol of both the anchor-specific primer DT89 and the transcript-specific primer 3613R, 
which is internal to the 3' end RT primer 3852R. 
 
The touchdown PCR was performed applying an initial 90 °C for a 2 min denaturation step, 
followed by 10 cycles at 95 °C for 10 second and 70 °C for 1 min, and then reducing one 
degree per cycle from 70 °C to 61 °C of annealing and extension temperature. This step was 
followed by 15 cycles at 95 °C for 10 second and at 60 °C for 1 min. The second hemi-nested 
PCR was performed under the same conditions described for the first touchdown PCR using 
10 pmol of primer DT89, the 3608R internal primer and 1 μl of the first-round PCR product. 
The final PCR product was analyzed by electrophoreses on a 2 % agarose gel and DNA 
sequencing. Sequences of the oligonucleotides for RT-PCR used in this study are listed in 
Table 3-1. 
 
3.2.6. Real-time quantitative RT–PCR 
 
Real-time quantitative RT-PCR was performed using the LightCycler (Roche Diagnositics, 
Indianapolis, IN., USA) equipment by adapting One Step SYBR PrimeScript RT-PCR Kit 
(TaKaRa Bio Inc.) and using the absolute quantification method. The reactions were 
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performed in 20 µl with 2 µl of total RNA extracted from the recombinant B. subtilus 168 
contains each plasmid and 0.2 µM of specific primers in order to measure the transcript driven 
from promoter of B.me.I1. The condition of real-time RT-PCR was 5 min at 42 °C and 10 sec 
at 95 °C, followed by 40 cycles of 5 sec at 95 °C and 20 sec at 60 °C. Fluorescence from the 
PCR mixture was measured in each cycle at the end of the annealing step. The fragment 
amplified with primer pair PiepB and 4184R and the fragment amplified with primer pair 
6581F and 6780R were applied to investigate the transcript of B.me.I1. Sequences of the 
oligonucleotides for the real-time RT-PCR used in this study are listed in Table 3-1. During 
each analysis, standard dilutions of known quantities of recombinant plasmid DNA were also 
applied to provide standard curves for the quantification. All quantitative analysis was done 
in triplicate and the average was calculated. 
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Table 3-1. Primers used in this chapter 
primer sequence (5'-3') purpose 
PorfxF AAATCTAGATATATTGGTCTTTTGATTTT splicing assay 
orfxR AAACCCGGGTTAGTTAAGTATAACCTTACCA splicing assay, 
primer-walking 
3327F CAGTTGTGGTATCGATCTTGTCTTGTATGG primer-walking 
3391F CCATAAGCTCAATTAAATGTTTGGTACTAC primer-walking 
3421F GACTGATACGATCTAATTTATAAACAATGA primer-walking 
3532F AAATCTGATCCACTCCGTAGTGAGCTAATG primer-walking 
BglII-3051F GAAGATCTGCTACAACTCCTTGCTAGATAT construct pHYRB3 
SalI-7440R GCGTCGACGCTTCCGCAAGAGTCAGCTTGT construct pHYRB3 
DT88 PO-GAAGAGAAGGTGGAAATGGCGTTTTGG-NH2C6 optimized 5' RACE 
DT89 CCAAAACGCCATTTCCACCTTCTCTTC optimized 5' RACE 
3852R CCACAATCTGGCCCGATTATTGAACAAAAT optimized 5' RACE 
3613R GGATATGCACGCGTAAGTACAC optimized 5' RACE 
3608R GCACGCGTAAGTACACAAGATC optimized 5' RACE 
PiepB GTGTTATAAGCTCGGCTAATAGG real time RT-PCR 
4184R CATTCAGAAGTTCGTCAGCAATATACTTTC real time RT-PCR 
6581F TAAAGAAAATTGGATATCTATGTTAAA real time RT-PCR 





3.3.1. B.me.I1 is transcribed and spliced in B. megaterium MB1 
 
As B.me.I1 is not associated with any obvious exon, transcription and splicing of B.me.I1 in 
the original host strain was first investigated. Total RNA of B. megaterium MB1 which 
possesses TnMERI1 on chromosome and total RNA of B. cereus RC607 which possesses 
intron-less transposon Tn5084 on chromosome were extracted and 50 ng of each sample was 
used as a template for RT-PCR with a primer pair, PorfxF and orfxR, which spans B.me.I1. 
The products were analyzed and the results were illustrated as Fig. 3-1 shown. Fig. 3-1A 
shows electrophoresis of RT-PCR products, and the RT-PCR product obtained from strain 
MB1 mRNA showed a 264 bp in size which matches up to the size of spliced fragment. The 
result showed that the B.me.I1 intron was transcribed in strain MB1 and that the intron RNA 
was efficient in splicing. Furthermore, the size of RT-PCR product obtained from the 
intron-less strain RC607 mRNA was the same to that obtained from strain MB1 mRNA. The 
RT-PCR products were further analyzed by separated on a 10 % acrylamide gel after being 
digested with restriction endonucleases, HaeIII or EcoRV (Fig. 3-1B). The DNA sequencing 
of RT-PCR products was also performed to be identical as shown in Fig. 3-1C. These results 
















Figure 3-1. RNA splicing of B.me.I1 in B. megaterium MB1 
 
(A) Electrophoresis of RT-PCR products. Lane M1 shows the electrophoresis of 2-log DNA 
ladder molecular weight marker. Lane 1 and lane 2 show the RT-PCR products obtained from 
total RNAs of strain MB1 and strain RC607, respectively. (B) The result of RFLP analysis of 
RT-PCR products. Lane M2 shows the electrophoresis of low molecular weight marker. Lane 1, 
2 and lane 3, 4 show the fragments digested with restriction endonuclease HaeIII and EcoRV, 
respectively. The RFLP data on the gel are presented in the same order as the RT-PCR samples 
shown in Fig. 3-1A. (C) DNA sequence corresponding to the RT-PCR product of splicing 
assay. The sequences that restriction endonucleases recognize are underlined. The cutting 
sites are indicated by grey triangles with the names of endonucleases used, and the predicted 
lengths of the fragments are also appended. The open triangle points out the junction after the 
splicing of the mRNA of B.me.I1.
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3.3.2. Mobile element of TnMERI1 provides transcription facilities for B.me.I1 
 
Since the transcript of exon-less B.me.I1 was determined, the nucleotide sequences of the 
regions flanking B.me.I1 and the vicinity areas of TnMERI1 were analyzed to know the 
facilities for transcription of B.me.I1. The sequence data suggested that TnMERI1 was 
inserted in a small acid soluble protein (SASP)-like gene. However, this gene is transcribed in 
opposite direction of the transcription of B.me.I1. Fig. 3-2A shows the schematic illustration 
of TnMERI1 and its vicinity regions on the chromosome of strain MB1. The fragments of 
SASP gene (yellow rectangle and arrow) which is inserted by TnMERI1, the transposition 
module (grey arrows), B.me.I1 (green bold line) and the mercury resistance module (black 
arrows) are shown. 
 
Since any homologous gene was not found in the vicinity region of B.me.I1, the 
primer-walking RT-PCR was performed to search the transcription start site of B.me.I1. A 
reverse primer orfxR with a series of forward primers were used. The DNA sequences of these 
primers are shown in Table 3-1, and the positions to which these primers annealed are shown 
in Fig. 3-2B by blue arrows. One microgram of total RNA extracted from strain MB1 was used 
as template in this analysis. The amplicons were analyzed by electrophoresis, and the 5' end 
of the most distanced forward primer, 3391F, which could amplify the longest reversely 
transcribed cDNA template was located at 462 bases upstream the first base of B.me.I1 (Fig. 
3-2, B and C). This result suggested that the transcription start site of B.me.I1 is between the 
positions annealed to primer3327F and 3391F, and there is a promoter upstream B.me.I1 
which is located within the antisense strand of the tnpR gene. 
 
In order to determine the transcription start site of B.me.I1, the DNA fragment amplified with 
a forward primer BglII-3051F and a reverse primer SalI-7440R was cloned into B. subtilis 168, 
and the optimized 5' RACE was performed. The positions to which the primers used in 5' 
RACE annealed were shown in Fig. 3-2B by red arrows. A product of 5' RACE (227 bp) was 
obtained by the second hemi-nested PCR (Fig. 3-2D), and the junction site between primer 
DT89 and 3' end of cDNA was confirmed by DNA sequencing. A clear end of the 5' RACE 
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amplicon was identified upstream B.me.I1 (Fig. 3-2B, G with a bent arrow appended). A 
putative promoter sequence, TTGATT (-35) and TCAATT (-10), was found with 4 bases space 
sequence between the end of the -10 region and the transcription start site (Fig. 3-2B). As 
negative controls, the amplification reactions were done in the absence of reverse 
transcriptase or RNA templates and confirmed no PCR amplification by the 5' RACE analysis 
(data not shown). These results defined that the transcription start site of B.me.I1 is located 
444 bases upstream the first base of B.me.I1, and showed an almost certain promoter for 






















Figure 3-2. Determination of transcription start site of B.me.I1 
 
(A) Schematic illustration of TnMERI1 and its vicinity regions on the chromosome of strain 
MB1. (B) DNA sequences of the regions corresponding to primers for primer-walking and 5' 
RACE are shown in blue and red arrows, respectively. The transcription start point (+1), G, is 
marked with a bent arrow. The determined putative promoter region (-35 and -10) is 
underlined. (C) Electrophoresis of RT-PCR products in primer-walking analysis. Lane M 
shows the electrophoresis of 2-log DNA ladder molecular weight marker. Land 1 to 4 show the 
RT-PCR amplicons by using a reverse primer orfxR and forward primers 3327F, 3391F, 
3421F , and 3532F, respectively. (D) Optimized 5' RACE analysis of transcription start site of 
B.me.I1. Lane M shows the electrophoresis of 2-log DNA ladder molecular weight marker. 
Lane 1 shows the PCR product obtained from second hemi-nested PCR. 
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3.3.3. B.me.I1 is transcribed constitutively in B. subtilis 168 
 
The levels of the transcripts were measured in different growth phases. Total RNA was 
extracted from mid- exponential, late-exponential and stationary phases of B. subtilis 168 
culture which contains plasmid pHYRB3 and was used as a template for real time RT-PCR. 
Genomic DNA contamination was checked by amplifying RNA samples that were not treated 
with reverse transcriptase. Negative controls that contained no template were also included. 
To understand the transcription of B.me.I1 in Bacillus, the quantitative real-time RT-PCR 
assay was performed. Quantification was done by referring to the external standard curves 
generated by amplifying the recombinant plasmid, pHYRB3, of known copy number, and the 
obtained data were used to deduce mRNA levels of the transcripts. The positions to which the 
primers annealed were indicated in Fig. 3-3A. Specificity of the primers used was determined 
by the melting curve analysis and agarose gel electrophoresis. Standard curves were linear 
over 5 orders of magnitude with high precision and linearity (Pearson correlation coefficient r 
> 0.99). The color of the rectangles appended below in Fig. 3-3A correspond to that of the 
solid bars in Fig. 3-3B. The results were summarized in Fig. 3-3B. The left y axe and solid 
bars represents B.me.I1 transcription level, and the right y axe and solid lines show the data of 
bacterial growth as measurements of optical densities at 600 nm. The results showed that 
though the copy number of transcripts of B.me.I1 was higher in mid-exponential phase, the 
mRNA of B.me.I1 transcribed in all growth phases tested without any induction, and there was 

























(A) Schematic representation of B.me.I1 and its vicinity regions constructed in this assay. The 
fragment of tnpR (blue arrow), B.me.I1 (green rectangle), and merB3 (orange arrow) are 
indicated. The promoter of B.me.I1 and the operator/promoter of merB3 are shown with bent 
arrow, and the positions to where the primers bind are indicated as black arrowheads. (B) 





In this chapter, the exon-less bacterial group II intron B.me.I1 was characterized at the 
molecular level in original host B. megaterium strain MB1 and Gram-positive cloning system, 
B. subtilis strain 168. Even though there is no obvious exon ORF identified around B.me.I1, 
both the transcription and splicing of B.me.I1 in its original host, strain MB1, were observed. 
Furthermore, by combination of primer-walking RT-PCR and optimized 5' RACE methods, the 
transcription start site of B.me.I1 was determined. The DNA sequencing data showed the 
conserved homologous promoter sequence just upstream the transcription start site and the 
constitutive transcription of B.me.I1 was confirmed. From these results, a promoter for the 
constitutive transcription of B.me.I1 was identified. Since the promoter and the insertion 
target sequence of B.me.I1 were found also from in Tn5084, it is considered that the 
TnMERI1-like transposons are good carriers which hold, disseminate and transcribe B.me.I1. 
 
Tn3-family transposable elements are characterized by flanking inverted repeats (IR) of about 
38 bp, and by having transposase (tnpA), resolvase (tnpR) and res site at which the resolvase 
acts (Sherratt, 1989). TnMERI1 was previously identified by using a single primer 
amplification in which the primer targeted to IR sequences of the Tn3-family, and was 
classified in a Tn21 transposon subgroup of the Tn3-family (Huang et al., 1999). As shown by 
the results obtained in this chapter, the transcription start site and the promoter of B.me.I1 are 
located on the antisense strand of the resolvase gene (tnpR) of TnMERI1. Similar relationship 
was observed in recombinase genes of other mobile elements, integrons. Integrase genes of 
integrons also have specific promoters on the antisense strands that are responsible to the 
transcription of the gene cassettes captured by the integrons during the integration (Stokes 
and Hall, 1989; Collis and Hall, 1995; Hall and Collis, 1995). Both of resolvases and 
integrases are classified into the group of recombinases. 
 
It is intriguing that the res site of the transposon is located near the B.me.I1. It is considered 
that the homing of intron may occur using a DNA primer generated during replication because 
of the bias for group II introns’ insertion near replication forks (Zhong and Lambowitz, 2003). 
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It should also be noticed that the class II transposons such as TnMERI1 transpose using a 
replicative process. In the case of B.me.I1 insertion, it is possible that a similar single strand 
primer is generated at the res site during the cleavage and the strand transfer in the resolution 
step of transposition. The process of transposition itself may provide a target for intron 
homing. Thus, it can be considered that the insertion of B.me.I1 in TnMERI1 is a selective 
behavior more than a random event. 
 
The relationship of B.me.I1 with downstream mer operon could also be considered. The first 
gene of the mer operon in TnMERI1 is an organomercurial lyase gene, merB3. The product of 
merB3, MerB3, cleaves the carbon-mercury bond of organic mercury to produce Hg2+ as the 
first step of detoxification (Begley et al., 1986). When the inorganic Hg2+ is absent, the 
expression of mer operon in TnMERI1 is repressed by transcriptional regulators, MerR1 and 
MerR2; and the expression is induced when the presence of inorganic Hg2+. However, in 
organic mercury resistance which lack inorganic Hg2+, the basal transcription of merB3 is 
needed to start the detoxification; and the basal transcription of merB3 is considered as a 
result of leaky transcription of upstream region. The result of real time quantitative RT-PCR 
showed that B.me.I1 is transcribed constitutively, and the transcript crossing to merB3 region 
was determined (Fig. 3-3B). This result suggested that the transcription and efficient splicing 
of B.me.I1 might contribute to the basal transcription of mer operon in TnMERI1. It is 
considered that the TnMERI1 provides not only a specific promoter which is necessary for 
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4. Splicing and homing of B.me.I1 in Escherichia coli 
 
4.1. Objectives of this chapter 
 
In Chapter 3, the characteristics of transcription and splicing of B.me.I1 in original host, B. 
megaterium MB1 were described. Some group II introns also function as mobile genetic 
elements which are capable of insertion into intron-less alleles (we call this phenomenon as 
homing). However, the homing ability of B.me.I1 group II intron has not been studied. 
Therefore, the mobile features (splicing and homing) of B.me.I1 were investigated by using E. 
coli cloning system. 
 
4.2. Materials and methods 
 
4.2.1. Bacterial strains and growth conditions 
 
E. coli DH5α (Invitrogen, Carlsbad, CA., USA) was used for cloning with pGEM-T Easy 
(Promega). E. coli BL21 (DE3) (Novagen, Madison, WI., USA) was used for splicing assay 
and homing assay. The bacteria were grown in LB medium at 37 °C with agitation. The 
antibiotics were added as required at the following concentrations: ampicillin, 50 μg/ml; 
kanamycin, 30 μg/ml; chloramphenicol, 25 μg/ml. 
 
4.2.2. Plasmid construction 
 
For RNA splicing assay, a 3345 bp fragment flanking B.me.I1 was amplified by PCR from 
genomic DNA of B. megaterium MB1 using a primer pair tnpR-F and B3 6870R. The PCR 
amplicon was subsequently cloned using pGEM-T Easy with T7 promoter to generate a 
recombinant plasmid pGMBJ. For the homing assay in E. coli, a 1320 bp EcoRI digested 
fragment containing the B.me.I1 intron-less sequence of Tn5084 from pYW33 (Wang et al., 
1989) was inserted into the EcoRI site of pSTV28 (TaKaRa Bio Inc.) to generate an intron 
recipient plasmid, pSTV33. The B.me.I1 intron donor plasmid is a derivative of pGMBJ. A 
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Bsp1407I site was engineered at immediate downstream of the iep sequence with primer sets 
Int-Bsp-Mut and T7-F, and Nco-Mut and SP6-R by applying the protocol of Takara LA PCRTM 
in vitro Mutagenesis Kit (TaKaRa Bio Inc.). Then, a kanamycin resistant gene from pUC4K 
(GE Healthcare, Piscataway, NJ., USA) was inserted into the Bsp1407I site in the same 
direction of iep to generate a recombinant plasmid pGBSPMutKm. Sequences of the primers 
used in construction are listed in Table 4-1 
 
4.2.3. RNA extraction and RT-PCR for splicing analysis 
 
RNA was extracted from the bacterial cells growth at exponential growth phase. The isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM when the 
cultures were incubated to an OD600 of 0.4, and incubation was continued for additional 3 hrs. 
The cells were used for RNA extraction by adapting High Pure RNA Isolation Kit (Roche 
Applied Science) and following the protocol provided by the manufacturer. The purified RNA 
was treated with DNase I (Takara Bio Inc.) before using in subsequent analyses. For splicing 
analyses, purified RNA (50 ng each) was used for RT-PCR with a primer pair, PorfxF and 
orfxR, by adapting Access RT-PCR System (Promega). The cycling conditions of RT-PCR 
were 45 min at 48 °C for reverse transcription, then 2 min at 94 °C for denaturation, and 30 
cycles of 94 °C for 30 sec, 54 °C for 45 sec and 72 °C for 1 min, and a final extension of 5 
min at 72 °C. The RT-PCR products were analyzed by agarose gel electrophoresis, DNA 
sequencing and RFLP of the deduced DNA to detect the evidence of splicing of B.me.I1. 
Sequences of the primers used in the RT-PCR amplification were listed in Table 4-1. 
 
4.2.4. Homing analysis 
 
E. coli BL21 (DE3) harboring pSTV33 (CamR) carrying the cognate intron-less allele and 
pGBSPMutKm (AmpR, KanR) was induced for the intron transcription by adding 2 mM IPTG 
to the bacteria cultured in chloramphenicol, ampicillin and kanamycin containing LB broth at 
OD600 of 0.4. After further incubation for 3 hrs to 12 hrs depending on the cell growth, the 
cells were harvested to extract plasmids. Homing event was examined by using the extracted 
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plasmids as templates for the PCR amplification by a primer set of intronF and pYW33-3594R, 
and the produced DNA fragment was sequenced. Sequences of the primers used in the homing 
assay are listed in Table 4-1. In addition, after digestion of pGBSPMutKm by a specific 
restriction enzyme (NotI), the isolated plasmids were transformed back to E. coli DH5α, and 
the transformant was inoculated into LB broth containing both chloramphenicol and 
kanamycin to detect the homing events.
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Table 4-1. Primers used in this chapter 
primer sequence (5'-3') purpose 
tnpR-F AAATCTGATCCACTCCGTA construct pGMBJ 
B3 6870R CTGAAGGAGACAATAAACGG construct pGMBJ 
Int-Bsp-Mut TTGACTTCTGTACATTACTTTTCATT construct 
pGBSPMutKm 
T7-F TAATACGACTCACTATAGGGC construct 
pGBSPMutKm 
Nco-Mut GGCCGCCATAGCGGCCGCG construct 
pGBSPMutKm 
SP6-R ATTTAGGTGACACTATAGAATAC construct 
pGBSPMutKm 
PorfxF AAATCTAGATATATTGGTCTTTTGATTTT splicing analysis 
orfxR AAACCCGGGTTAGTTAAGTATAACCTTACCA splicing analysis 
intronF AAAGCTAGCATTTTGTTCAATAATCGGGCC homing analysis 





4.3.1. B.me.I1 is transcribed and spliced in E. coli 
 
The splicing ability of B.me.I1 RNA in E. coli was further investigated. Fig. 4-1A shows 
schematic illustration of recombinant gene construct and prediction of RNA splicing products. 
The constructed plasmid pGMBJ, which the fragment of intact B.me.I1 (a pair of dark grey 
boxes which flanks iep gene (open box)) and its flanking sequences (light grey box) were 
inserted into pGEM-T Easy and transcribed by IPTG-inducible PT7 promoter, was used in the 
splicing assay. The plasmid was transformed into E. coli BL21 (DE3) and mRNA including 
B.me.I1 RNA was transcribed by IPTG induction. RNA extracted from the transformed E. coli 
cells was analyzed by RT-PCR. The positions to which the primers used in RT-PCR annealed 
were indicated with arrowheads. The predicted sizes of the RT-PCR products amplified from 
the precursor and spliced RNA are also indicated. The RT-PCR product was separated by 
1.5 % agarose gel electrophoresis, and was 2.7 kb smaller than the product amplified by PCR 
directly from pGMBJ DNA as shown in Fig. 4-1B. The size of 2.7 kb matched up to the exact 
size of B.me.I1. The RT-PCR product was further analyzed with RFLP and DNA sequencing as 
the junction of the sequences flanking B.me.I1. Fig. 4-1C shows the result of RFLP, which the 
RT-PCR product was digested with a restriction endonuclease, HaeIII, and separated on a 
10 % acrylamide gel. The RT-PCR product was not detected from either plasmid-free host 
cells or host cells containing the vector plasmid, pGEM-T Easy, and the fragment which 
indicates the un-spliced pre-mRNA was not detected by RT-PCR with a longer extension time 


















Figure 4-1. RNA splicing of B.me.I1 in E. coli 
 
(A) Schematic illustration of recombinant gene construct and prediction of RNA splicing 
products. (B) Electrophoresis of RT-PCR products. Lane 1 shows the RT-PCR product 
amplified from total RNA of E. coli (pGMBJ), and lane 2 shows the PCR product amplified 
from plasmid pGMBJ. Lane M1 shows the 2-log DNA ladder molecular weight marker. (C) 
Result of RFLP of RT-PCR product. Lane 1 shows the RT-PCR product digested with 
restriction endonuclease, HaeIII. Lane M2 shows the low molecular weight marker.
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4.3.2. B.me.I1 can home into a cognate intron-less allele in E. coli 
 
Besides splicing, homing ability of B.me.I1 was expected to represent its mobile nature. E. 
coli BL21 (DE3) expression system was applied to detect the homing event. The schematic 
illustration of recombinant gene constructs was shown in Fig. 4-2A. Plasmid pGBSPMutKm, 
a derivative of pGMBJ with a 977 bp fragment that contains a kanamycin resistant gene (black 
arrow) inserted into downstream sequence of the iep gene, was used as the intron donor. 
Plasmid pSTV33, a chloramphenicol-resistant plasmid containing a fragment of cognate 
intron-less homing site (light grey box) from Tn5084 (AB066362), was used as the intron 
recipient. Combination of the donor (pGBSPMutKm) and recipient (pSTV33) plasmids 
allowed selection of the homing product by PCR and CamRKanR antibiotics assay. In PCR 
assay, plasmids of cultures after induction of intron transcription by IPTG were purified as 
templates for PCR. As Fig. 4-2A shows, the positions to which the primers used in PCR 
annealed were indicated with arrowheads and predicted size of the PCR product was also 
indicated. Since primer intronF annealed to the sequence within B.me.I1 while primer 
pYW33-3594R annealed to the sequence within pSTV33 specifically, it was expected that 
only DNA sequence of the homed recipient plasmids could be amplified as a 4828 bp PCR 
product. In CamRKanR antibiotics assay, the isolated plasmids were transformed back to E. 
coli DH5α after digesting the pGBSPMutKm by a specific restriction enzyme, NotI, and the 
transformant was inoculated into LB broth containing both chloramphenicol and kanamycin to 
detect the homing events. Positions where the restriction enzyme, NotI, recognized were 
indicated in Fig. 4-2A. The PCR product was analyzed by agarose gel electrophoresis as 
shown in Fig. 4-2B and the precise homing junction was further confirmed by DNA 
sequencing. The results suggested the ability of B.me.I1, which was identified from 
Gram-positive bacteria, to home into a cognate intron-less allele of Tn5084 in a 
Gram-negative bacterial expression system, E. coli. These results also indicated that the 
B.me.I1 has potential to carry a heterogeneous DNA fragment with homing. However, the 
frequency of homing in E. coli was lower than 10-3 per recipient plasmid, and could not be 


















Figure 4-2. Homing of B.me.I1 in E. coli 
 
(A) Schematic illustration of recombinant gene constructs and prediction of homing products. 
(B) Electrophoresis of PCR products in homing assay. Lane M shows λ/HindIII DNA 
molecular weight marker. Lane 1 and lane 2 show the PCR products amplified from the homed 





In this chapter, a transcription system for B.me.I1 in Gram-negative bacterium, E. coli, was 
developed, and the splicing and homing abilities of this intron were demonstrated. The 
transcriptional facility of B.me.I1 which was identified from B. megaterium MB1 as described 
in Chapter 3 did not exist as multiple copy systems in the host bacterial strain. Therefore, it is 
considered that the transcription level of B.me.I1 in situ is too low to further characterize its 
mobile capability. Besides this problem, the strain MB1 does not hold any intron-less allelic 
sequence which befits the target site of the intron homing. To solve these problems, the assay 
system for the splicing and homing of B.me.I1 in vivo were constructed in a well-known 
cloning host, E. coli. 
 
Splicing of some bacterial group II introns such as Ll.ltrB intron and RmInt1 that are 
identified from Lactococcus lactis subsp. ML3 and Sinorhizobium meliloti strain GR4, 
respectively have been reported in E. coli (Matsuura et al., 1997, Martinez-Abarca, et al., 
1998). By using the expression vector pGEM-T Easy with T7 promoter under IPTG induction, 
splicing of B.me.I1 mRNA was demonstrated in the recombinant E. coli BL21 (DE3) cell in 
which the mRNA expected to be transcribed at high level. The result demonstrated that the 
fragment which indicated the un-spliced pre-mRNA was not detected. Therefore, B.me.I1 can 
perform splicing efficiently in E. coli. The splicing ability of B.me.I1 in E. coli suggests that 
B.me.I1 intron does not require special proteins of the original host, B. megaterium MB1, for 
its excision from the precursor mRNA.  
 
To detect the homing of B.me.I1, a two plasmid genetic assay was developed which was based 
on a kanamycin resistance (KanR) marker engineered into the immediately downstream of iep 
gene of the intron. Homing of mRNA of B.me.I1 was confirmed in the recombinant E. coli. 
From the results, it was concluded that B.me.I1 can home to the intron-less allele together 
with insertion of a heterogeneous genetic element, a kanamycin resistant gene. A natural 
conjugative gene flux from Gram-positive to Gram-negative bacteria was proposed on the 
basis of several lines of evidence, including the fact that Gram-positive bacterial genes are 
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commonly expressed in Gram-negative bacteria while the reverse is not generally observed 
(Courvalin, 1994). The results obtained in this study suggest that the group II introns in 
Gram-positive bacteria have ability of dissemination to Gram-negative bacteria. These results 
not only show the inherent characteristics of B.me.I1 as a mobile element which is transcribed, 
moves out and homes back, but also the potential of B.me.I1 to carry a DNA fragment during 




Courvalin, P., 1994. Transfer of antibiotic resistance genes between Gram-positive and 
Gram-negative bacteria. Antimicrob Agents Chemother. 38, 1447-1451. 
Martinez-Abarca, F., Zekri, S., Toro, N., 1998. Characterization and splicing in vivo of a 
Sinorhizobium meliloti group II intron associated with particular insertion sequences of the 
IS630-Tc1/IS3 retroposon superfamily. Mol. Microbiol. 28, 1295-1306. 
Matsuura, M., Saldanha, R., Ma, H., Wank, H., Yang, J., Mohr, G., Cavanagh, S., Dunny, G.M., 
Belfort, M., Lambowitz, A.M., 1997. A bacterial group II intron encoding reverse 
transcriptase, maturase, and DNA endonuclease activities: biochemical demonstration of 
maturase activity and insertion of new genetic information within the intron. Genes Dev. 
11, 2910-2924. 
Wang, Y., Moore, M., Levinson, H.S., Silver, S., Walsh, C., Mahler, I., 1989. Nucleotide 
sequence of a chromosomal mercury resistance determinant from a Bacillus sp. with 
broad-spectrum mercury resistance. J. Bacteriol. 171, 83-92.
43 
 
5. Influence of IEP on the splicing of B.me.I1 
 
5.1. Objectives of this chapter 
 
The abilities of splicing and homing of B.me.I1 as a mobile group II intron were shown in the 
previous chapter. All mobile group II introns studied in the past encode IEPs that may 
functions both in RNA splicing and homing. The iep is usually positioned in domain IV of 
group II intron which is outside the catalytic core of the introns. Though some introns 
reported could splice in vitro in absence of IEP under appropriate condition, the IEP is 
presumed to be required for both the splicing and homing in vivo (Mills et al., 1996; 
Martinez-Abarca, et al., 1998). The necessity of IEP in B.me.I1 splicing was investigated by 
employing both in vivo and in vitro assay methods, and the results were described and 
discussed in this chapter. 
 
5.2. Materials and methods 
 
5.2.1. Bacterial strains and growth conditions 
 
E. coli DH5α (Invitrogen) was used for cloning with pGEM-T Easy (Promega). E. coli BL21 
(DE3) (Novagen) was used for in vivo splicing assay. The bacteria cells were grown in LB 
medium at 37 °C with agitation. The concentration of ampicillin used in this study was 50 
μg/ml. 
 
5.2.2. Plasmid construction 
 
Plasmid pGMBJ that contains the region of B.me.I1 constructed in the research work 
described in chapter 4 was also used in this study. For the in vivo splicing analysis, two 
derivative plasmids, pGMBJmi and pGMBJΔi, were constructed from the plasmid pGMBJ. 
The pGMBJmi is the derivative in which iep of the B.me.I1 was mutated by PCR with a primer 
pair, BamHI-4655F and 4648a-BamHIR, to exchange the 12th codon of iep into a stop codon, 
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TAA, which results in abortive expression of iep. The PCR product was digested by BamHI 
and religated to construct pGMBJmi. The pGMBJΔi was another derivative in which the 
almost part (1767 of 1818 nucleotides) of iep of B.me.I1 was deleted. The pGMBJΔi was 
constructed by PCR from pGMBJ as a template using a primer pair, Bsp1407I-mutF and 
deIEP-Bsp1407IR. The PCR product was digested by Bsp1407I and religated to construct 
pGMBJΔi. Fig. 5-1 illustrates the construction of mutated and deleted plasmids in which the 
fragments of intron are shown in dark grey boxes, and the fragments of iep are shown in open 















Figure 5-1. Construction of the mutated and the deleted plasmids 
 
Plasmids contain fragments of intact B.me.I1 (pGMBJ), iep-mutated B.me.I1 (pGMBJmi), and 




5.2.3. RNA isolation and RT-PCR for splicing analysis 
 
The E. coli transcription system of B.me.I1 was subsequently applied to investigate the 
necessity of IEP in B.me.I1 splicing. Total RNA of the recombinant E. coli which contains 
each plasmid was extracted from the bacterial cultures at the exponential growth phase. 
Transcription of the target RNA was induced by IPTG in the same condition as described in 
chapter 4. The RNA extraction was done by adapting High Pure RNA Isolation Kit (Roche 
Applied Science) after treating with RNAprotect Bacteria Reagent (Qiagen Inc, Mississauga, 
ON, Canada) following the instruction provided by the manufacturer. The purified RNA was 
treated with DNase I (Takara Bio Inc.) prior to subsequent analyses. For the splicing analysis, 
purified RNA (50 ng each) was used for RT-PCR with a primer pair, PorfxF and orfxR, by 
using Access RT-PCR System (Promega). The RT reaction was done at 48 °C for 45 min, and 
then PCR was done under the conditions, 2 min at 94 °C for denaturation, and 25 cycles of 
94 °C for 30 sec, 55 °C for 30 sec and 72 °C for 30 sec, and followed by a final extension of 5 
min at 72 °C. To detect the evidence of splicing of B.me.I1, the RT-PCR products were 
analyzed by agarose gel electrophoresis and were further analyzed by DNA sequencing. 
Sequences of the primers used in the RT-PCR amplification are listed in Table 5-1. 
 
5.2.4. in vitro transcription and splicing reactions 
 
The DNA region for in vitro transcription of the iep-deleted B.me.I1 was provided by PCR 
from pGMBJΔi using a primer pair, pG2851F and PstI GMBJR. Transcription was done by 
using the T7 RiboMAX™ Express Large Scale RNA Production System (Promega) in a 
reaction volume of 20 μl. The mixture was incubated at 37 °C for 15 min and followed by 
DNase I digestion, phenol-CIA (phenol:chloroform:isoamyl-alcohol=25:24:1) extraction and 
then ethanol precipitation in the presence of 3 M sodium acetate (pH 5.2). For splicing, the 
transcripts were first pre-folded with incubation at 90 °C for 1 min, 75 °C for 5 min, and then 
cooled to 30-55 °C over 15 min. The cooled reaction was adjusted to 50 μl in volume contains 
50 mM of Tris-HCl (pH 7.5), 1-100 mM of MgCl2 and 0.5-2 M of NH4Cl. After incubating for 
60 min at 30-55 °C, the splicing reactions were stopped by ethanol precipitation with 3 M 
47 
 
sodium acetate (pH 5.2). 
 
5.2.5. Northern hybridization and preparation of radioactive probes 
 
In Northern blot hybridization, in vitro isolated RNA (5 µg each) was separated by a 1 % 
agarose gel with formaldehyde and capillary transferred to a Hybond N+ nylon membrane (GE 
Healthcare) in 20X SSC. The RNA was fixed by ultraviolet cross-linking for 1 min and 
subsequently baked at 80°C for 1 hr. Membranes were prehybridized at 42 °C for 3 hrs with 
110 µg/ml salmon sperm DNA (Stratagene, La Jolla, CA, USA), hybridized at the same 
temperature overnight with 10 pmol of radioactive probes and washed once at 25 °C for 20 
min in 2X SSC, 0.1 % SDS, then once at 65 °C for 10 min in 0.1X SSC, 0.1 % SDS. Reaction 
products were visualized by the bio-imaging analyzer, FLA2000 (Fujifilm, Tokyo, Japan). 
Prehybridization and hybridization buffers were made with 3X SSC, 50 mM Tris-HCl (pH 7.5), 
1 mM EDTA (pH 7.0), 0.5 % (w/v) SDS, 1X Denhardt’s solution and 50 % formamide. Probes 
for Northern blot hybridization were provided by PCR from pGMBJ as a template. The probe 
DNA fragment which has the sequence of the immediately upstream of B.me.I1 and has a size 
of 312 bp was prepared by PCR with the primer pair, 3532F and 3852R, and the probe DNA 
fragment has the sequence of the intron and has a size of 446 bp was also prepared by PCR 
with the primer pair, PiepC and PE1. After purifying the PCR products with QIAquick PCR 
Purification Kit (Qiagen), 25 ng of purified DNA fragments were labeled by random priming 
with 10 µCi/µl [α-32P]dCTP (6000 Ci/mmol) and purified using ProbeQuant G-50 Micro 
Columns (GE Healthcare). The labeled fragments were used as probes to perform 
hybridization. Sequences of the primers used in this experiment are listed in Table 5-1.
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Table 5-1. Primers used in this chapter 
primer sequence (5'-3') purpose 
BamHI-4655F  AAAGGATCCATGCAGTACAATTTTGATTCT construct 
pGMBJmi 
4648a-BamHIR AAAGGATCCTTACTCATTGTGTCTCAGTTTCTT construct 
pGMBJmi 
Bsp1407I-mutF CAAGTTAAATGAAAAGTAATGTACAGAAGTCAA construct 
pGMBJΔi 
deIEP-Bsp1407IR TTCTTTCGTTTGTACAGTTGGTGACTCC construct 
pGMBJΔi 
PorfxF AAATCTAGATATATTGGTCTTTTGATTTT splicing 
analysis 
orfxR AAACCCGGGTTAGTTAAGTATAACCTTACCA splicing 
analysis 
pG2851F AAAGCTGCGCAACTGTTGGG generate 
template for in 
vitro 
transcription 
PstI GMBJR GGGCTGCAGCTGAAGGAGACAATAAACGG) generate 
template for in 
vitro 
transcription 
3532F AAATCTGATCCACTCCGTAGTGAGCTAATG generate probe 
3852R CCACAATCTGGCCCGATTATTGAAC generate probe 
PiepC CAATTTCGGTAAAGGTCAGGCAG generate probe 





5.3.1. B.me.I1 splices in vivo without IEP 
 
The constructed E. coli transcription system was successful to provide the materials for the 
investigation of necessity of IEP of B. me.I1 in vivo. Two derivatives of pGMBJ provided the 
mutation and deletion of iep of B.me.I1 to perform this experiment. The mRNA of 
recombinant E. coli contains each plasmid was transcribed by IPTG induction, extracted and 
analyzed by RT-PCR. Fig. 5-2A shows the schematic illustration of prediction of RNA 
splicing products. The positions to which the primers used in RT-PCR annealed are indicated 
with arrowheads. The predicted sizes of the RT-PCR products amplified from the precursor 
and spliced RNA are also indicated. The RT-PCR products were analyzed by electrophoresis 
in 1 % agarose gel as shown in Fig. 5-2B. Each of RT-PCR product had the DNA fragment 
indicating that B.me.I1 was spliced (Fig. 5-2B, lane 4-6), and the spliced fragment was not 
observed in controls in which reverse transcriptase was not added (Fig. 5-2B, lane 1-3). These 
results showed that B.me.I1 can splice in vivo without IEP, and that the secondary structure of 


















Figure 5-2. in vivo splicing of B.me.I1 in E. coli 
 
(A) Schematic illustration of prediction of RT-PCR products in RNA splicing assay. (B) 
Electrophoresis of RT-PCR products. Lane 1 and 4, 2 and 5, and 3 and 6 show the RT-PCR 
products amplified from total RNA of E. coli (pGMBJ), E. coli (pGMBJmi), and E. coli 
(pGMBJΔi), respectively. Lane 1 to 3 show the results of RT-PCR reactions without adding 
reverse transcriptase. Lane M shows the 2-log DNA ladder molecular weight marker.
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5.3.2. No need of IEP in splicing of B.me.I1 is confirmed in vitro 
 
To determine whether any biological factors from E. coli does contribute to the splicing of 
B.me.I1is required other than an IEP, the splicing of B.me.I1 was further investigated in vitro. 
The plasmid pGMBJΔi was used to generate an mRNA of B.me.I1 by in vitro transcription. 
After pre-folding of the intron RNA, the transcript was subjected to self-splicing in 50 mM 
Tris-HCl (pH 7.5), 2 M NH4Cl, 100 mM MgCl2 and 45 °C, according to the suitable splicing 
condition for other introns (Toor et al., 2006). The self-splicing of B.me.I1 was observed by 
analyzing the product with RT-PCR, followed with electrophoresis in 1 % agarose gel and 
DNA sequencing. Fig. 5-3A illustrates the prediction of RT-PCR products. The positions to 
which the primers used in RT-PCR annealed are indicated with arrowheads, and predicted 
sizes of the RT-PCR products amplified from the precursors and spliced RNA are indicated. 
The self-splicing reaction was investigated in a time course. Fig. 5-3B shows the 
electrophoresis of RT-PCR products. The results showed that the B.me.I1 intron did splice 
without the help of IEP and any other factors from E. coli cells. To know the conditions in 
which self-splicing of B.me.I1 occurs, the variety of in vitro splicing conditions was tested. 
The resulted RNA in self-splicing assay was electrophoresed, transferred onto the nylon 
membranes and analyzed by Northern hybridization. Fig. 5-3C illustrates the RNA fragments 
of precursor, intermediate and spliced product of B.me.I1 in Northern hybridization. The 
positions to which the 5’ exon (open boxes) and intron (black boxes) probes used in this 
analysis annealed are indicated. Observations of Northern hybridization which applied 5’ 
exon probe and intron probe are shown in Fig.5-3D and E, respectively. The results showed 
that B.me.I1 can splice at 45 °C within 20 min (Fig. 5-3, D and E, lane 1-2). The same results 
were observed at 37 °C (Fig. 5-3, D and E, lane 3-4). Self-splicing of B.me.I1 RNA was also 
observed within 20 min in 1 mM of MgCl2 (Fig. 5-3, D and E, lane 5) in spite of 100 mM of 
MgCl2 was considered to be needed to stabilize RNA structure (Toor et al., 2006). The 
self-splicing of B.me.I1 in the absence of IEP and any other bacterial cellular factors was 
observed in vitro under variable conditions including physiological conditions of bacteria, for 
instance, 0.5-2 M of NH4Cl, 1-100 mM of MgCl2, and 30-55 °C of temperature. These results 
suggested that B.me.I1 can splice without any proteins such as IEP under physiological 
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conditions and has a full ribozyme activity, and it can be called self-splicing. This is the first 


















Figure 5-3. Investigation of self-splicing of B.me.I1 in vitro 
 
(A) Schematic illustration of prediction of RT-PCR products in RNA splicing assay. (B) 
Observation of RT-PCR products from time course of self-splicing reaction. Lane 1 shows the 
RT-PCR product amplified from transcripts of B.me.I1 which just finished pre-folding, and 
lane 2 to lane 6 show the RT-PCR product amplified from transcripts of B.me.I1 which 
self-splicing were performed for 0, 10, 20, 30 and 60 mins, respectively. Lane M shows the 
2-log DNA ladder molecular weight marker. (C) Schematic illustration of RNA fragments in 
Northern hybridization. (D) and (E) Observations of Northern hybridization which applied 5’ 
exon probe (D) and intron probe (E). The conditions of temperature, reaction time and 
concentration of MgCl2 are as follows. Lane 1: 45 °C, 0 min, 100 mM; lane 2: 45 °C, 20 min, 






Self-splicing of B.me.I1 without help of IEP was demonstrated in this study. Although some 
group II introns can splice in vitro under non-physiological conditions, previous studies 
indicated that some proteins or maturases are required to assist intron RNA in folding into a 
catalytic RNA structure for splicing in vivo (Lambowitz and Belfort, 1993; Lambowitz and 
Zimmerly, 2004). However, the conditions of requirement for activity of IEPs have not been 
cleared. Studies on a bacterial group II intron, Ll.ltrB, and a yeast mitochondrial group II 
intron, aI2, showed that intron-specific maturases activity of their IEPs assist the splicing of 
the introns by recognizing and binding specifically to the intron structure (Matsuura et al., 
2001; Huang et al., 2003). Another study reported that an IEP could function as a general 
maturase for the RNA splicing of multiple maturase-less introns of different genes (Meng et 
al., 2005). These reports described that the relationship between IEPs and splicing of group II 
introns must be cleared by more detailed study. 
 
In this study, the necessity of IEP for the splicing of B.me.I1 was examined in the in vivo 
system, and the results demonstrated for the first time that a group II intron can perform 
self-splicing in vivo in the absence of IEP. The range of conditions which support splicing of 
B.me.I1 RNA was further investigated in the in vitro experiment. The self-splicing of B.me.I1 
RNA was observed within 20 min in the existence of 1 mM of MgCl2, while much higher 
concentration of Mg2+ (100 mM) was considered to be required to stabilize catalytic RNA 
structure in the previous research works. The splicing activity was also observed in a 
temperature ranged from 30-55 °C. The results obtained in this study shows that B.me.I1 can 
splice without IEP under relatively near-physiological conditions. These findings suggest that 
B.me.I1 is a “real” self-splicing group II intron which can perform splicing without the 
assistance of the IEP or other biological factors. 
 
The findings also implicated the evolution of nuclear spliceosomal introns. It was considered 
that group II introns have given rise to spliceosomal introns (Cavalier-Smith, 1991). A likely 
progress of evolution of introns could be considered as follows. First, there might be the 
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protein-independent splicing introns. Then due to somehow degeneration, the splicing of 
intron becomes to be dependent on the IEP which is encoded by intron itself. After that, an 
IEP like protein might emerge from an intron-specific IEP by recognizing conserved 
structures of the group II introns and not requiring idiosyncratic structures of introns. Once 
the IEP can assist the RNA splicing of other introns, the sequences that code gene for IEPs of 
the other introns might be lost through mutation. In the consequence, maturase-less introns 
become dependent on the maturase-containing intron for their RNA splicing, like 
spliceosomal introns. The implication that the IEP-free splicing introns like B.me.I1 play 
roles in the evolutionary origin of spliceosomal introns can be proposed. Besides this, since 
B.me.I1 shows an ability of folding and keeping the catalytic structure for splicing under 
various conditions, the potential of application of B.me.I1 as a carrier for genetic engineering 
of wide range of organisms might be expected. 
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The conclusions derived from this study are as follows. 
 
(1) The exon-less bacterial group II intron, B.me.I1, is transcribed constitutively in host strain, 
B. megaterium MB1, and generates a functional group II intron RNA. 
 
(2) The transposable element of TnMERI1 provides facilities for transcription of B.me.I1. 
 
(3) The inherent capability of a group II intron, the splicing and homing, of B.me.I1 can be 
characterized in vivo. 
 
(4) Splicing of B. me. I1 is performed without the assistance of the IEP or other biological 
factors. 
